Stem cells uniquely self-renew and maintain tissue homoeostasis by differentiating into different cell types to replace aged or damaged cells [1] . During oogenesis of Drosophila melanogaster, self-renewal of germline stem cells (GSCs) requires both intrinsic signaling mechanisms and extrinsic signals from neighboring niche cells [2] . Emerging evidence suggests that microRNA (miRNA)-mediated translational regulation may also control Drosophila GSC selfrenewal [3, 4] . It is unclear, however, whether the miRNA pathway functions within stem cells or niche cells to maintain GSCs. In Drosophila, Dicer-1 (Dcr-1) and the double-stranded RNA binding protein Loquacious (Loqs) catalyze miRNA biogenesis [3] [4] [5] . Here, we generate loqs knockout (loqs KO ) flies by ends-out homologous recombination and show that loqs is essential for embryonic viability and ovarian GSC maintenance. Both developmental and miRNA processing defects are rescued by transgenic expression of Loqs-PB, but not Loqs-PA. Furthermore, mosaic germline analysis indicates that Loqs is required intrinsically for GSC maintenance. Consistently, GSCs are restored in loqs mutant ovaries by germline expression, but not somatic expression, of Loqs-PB. Together, these results demonstrate that Loqs-PB, but not Loqs-PA, is necessary and sufficient for Drosophila development and the miRNA pathway. Our study strongly suggests that miRNAs play an intrinsic, but not extrinsic, role in Drosophila female GSC self-renewal.
In Drosophila melanogaster, the germline stem cell (GSC) divides asymmetrically to replenish itself and produce a differentiated daughter cystoblast (CB) that initiates oogenesis. The neighboring somatic cells, such as terminal filament cells, cap cells, and inner sheath cells, constitute a niche that provides extrinsic signals regulating GSC maintenance and differentiation [2] . For example, cap cells produce a localized gradient of Dpp signal that activates a canonical Smad signaling cascade inside GSCs [6] . The Smad proteins, Mad and Medea, act as silencer element binding proteins to block transcription of bam, a key factor required for CB differentiation [7, 8] . In addition, translational regulation plays an intrinsic role in GSC self-renewal. The Nanos (Nos)/ Pumilio (Pum) complex is required for GSC maintenance by blocking translation of transcripts that promote GSC differentiation [9] [10] [11] [12] . Thus, both extrinsic (somatic) and intrinsic (germline) factors coordinately regulate GSC maintenance and differentiation.
MicroRNAs (miRNAs) are a family of 21-25 nucleotide (nt) cellular RNAs that mediate translational repression and/or mRNA degradation by binding to the 3 0 untranslated region of cognate mRNA [13] [14] [15] [16] . In Drosophila, the ribonuclease III enzyme Dicer-1 (Dcr-1) functions together with the double-stranded RNA binding protein, known as Loquacious (Loqs), to catalyze biogenesis of miRNAs from endogenously produced stem-loop precursors (pre-miRNAs) [3] [4] [5] . The two Loqs isoforms, PA and PB, are produced by alternative splicing in fly tissues throughout development [3] [4] [5] . Both Loqs-PA and Loqs-PB contain three dsRNA binding domains, but Loqs-PA is smaller than Loqs-PB by 46 amino acids. Loqs-PB and, to a lesser extent, Loqs-PA enhance the miRNA-generating activity of Dcr-1 by increasing affinity for pre-miRNAs [4] .
Recent reports described a single, hypomorphic loqs f00791 allele caused by insertion of a piggyBac transposon that displayed GSC loss and female sterility [3, 4] . These preliminary studies suggested that the miRNA pathway might be critical for GSC self-renewal. This conclusion, however, was confounded by recent findings of a second mutation on the same loqs f00791 chromosome and that loqs f00791 mutation did not cosegregate with female sterility (data not shown). It is also uncertain whether Loqs or, by extension, the miRNA pathway plays an intrinsic (germline) or extrinsic (somatic) role in maintaining Drosophila female GSCs.
To determine the physiological functions of Loqs, we generated loqs KO flies by gene targeting through endsout homologous recombination (see the Experiemental Procedures in the Supplemental Data available online) [17] . The targeting construct consisted of a mini-white marker gene flanked by 4.4 kb and 2.3 kb genomic sequences surrounding the loqs open reading frame (ORF) ( Figure 1A ). Homologous recombination between the donor DNA and endogenous loqs locus created a null allele by replacing the entire loqs ORF with the mini-white transgene. Thirty-four independent loqs KO lines were identified by genomic PCR and confirmed by Southern blots ( Figure 1B and data not shown). The phenotypes as described below were consistent among multiple loqs KO alleles. Since mutant homozygotes were found at sub-Mendelian ratios, we performed a standard lethal phase analysis of loqs KO flies. As shown in Figure 1C , loqs KO embryos hatched and developed at rates similar to wild-type controls, and most mutant larvae underwent pupariation. However, viability dropped precipitously at the pupa/adult transition. While most mutant animals died during eclosion, even those (w10%) that emerged were nearly paralyzed and died shortly after.
Interestingly, Loqs-PA and Loqs-PB were both present at wild-type levels in the loqs KO embryos and larvae, but neither protein was detected in loqs KO young adults ( Figure 1D ). These results suggested that Loqs proteins were maternally loaded and probably exhausted at the pupa/adult transition in the zygotic loqs null animals. Furthermore, we determined that Loqs was essential for early embryogenesis by eliminating the maternal contribution of Loqs via the FLP-Ovo D system [18] . The maternal and zygotic (MZ)-loqs KO embryos could not develop past the first instar larvae stage, which was similar to the lethal phase of embryos lacking Dcr-1 ( Figure 1C ).
Previous data showed that Loqs-PA was the major isoform expressed in the testis, whereas Loqs-PB predominated in the ovary [3] , suggesting that the two Loqs isoforms might have distinct functions during development. To examine this possibility, we constructed transgenes expressing either Loqs-PA or Loqs-PB from the endogenous promoter ( Figure S1 ). All developmental phenotypes of loqs KO animals could be rescued by transgenic expression of physiological levels of Loqs-PB, but not Loqs-PA (Figures 2A and 2B) . Furthermore, the rate of pre-miRNA processing was diminished in ) and homozygous loqs KO (n = 338), MZ-loqs KO (n = 121), or dcr-1 Q1147X (n = 127) mutant animals. We used a GFP-marked balancer chromosome to sort homozygous mutant embryos by the lack of GFP expression. Development was monitored on apple juice/agar plate from embryos to adults over 10-12 days. (D) The levels of Loqs and R2D2 proteins were measured by western blots in lysates prepared from wild-type (WT, odd lanes) or homozygous loqs KO (KO, even lanes) embryos (lanes 1 and 2), larvae (lanes 3 and 4), and young adults (lanes 5 and 6). PB (piggyBac) refers to the hypomorphic loqs f00791 mutant flies (lane 7) and is used here for space considerations.
loqs null extracts but was restored by Loqs-PB, but not by Loqs-PA ( Figure 2C ). As shown by northern blotting, the miRNA processing defects seen in loqs KO flies, such as accumulation of pre-miRNAs and reduction of miRNAs, were fully rescued by Loqs-PB expression, but not by Loqs-PA expression ( Figure 2D ). Thus, genetic and biochemical analysis indicated that Loqs-PB, but not Loqs-PA, was necessary and sufficient for Drosophila development and the miRNA pathway.
We dissected ovaries from newly eclosed wild-type and homozygous loqs KO females and immunostained them with anti-VASA (a marker for germ cells) and antiHu Li Tai Shao (Hts) antibodies (a marker for fusome). In wild-type germaria, two or three GSCs were identified by their anterior-positioned round fusomes and apposition to the terminal filament and cap cells (Figure 3Ab) . Additionally, there were many VASA-positive germ cells and a normal array of developing egg chambers (Figure 3Ab) . In contrast, we observed empty germaria accompanied by one or two terminal stage egg chambers in the majority of loqs KO young females (Figure 3Ac ). This phenotype was much more severe than that of partial loss-of-function loqs f00791 mutant [3, 4] , suggesting that Loqs was required for establishing and/or maintaining ovarian GSCs.
Because homozygous loqs KO flies were mostly lethal, we measured the rates of GSC loss in viable loqs f00791 / loqs KO females with or without the P{loqs-PA} or P{loqs-PB} rescuing transgene. While wild-type germaria contained two to three GSCs at 10 days after eclosion, loqs f00791 /loqs KO mutant ovarioles retained an average of 0.5 GSC per germarium ( Figure 3B ). Furthermore, the number of GSCs was fully restored in loqs f00791 /loqs KO females that specifically expressed Loqs-PB from the endogenous promoter ( Figure 3B ). Thus, Loqs-PB, but not Loqs-PA, was necessary and sufficient for Drosophila female GSC maintenance.
In the loqs f00791 /loqs KO mutant germaria, we often observed differentiated CBs with posterior-positioned fusomes at the location of GSCs (Figure 3Ad ), suggesting that GSCs lacking Loqs were lost by precocious differentiation. Thus, we generated loqs bam double mutant flies to determine if the loss of loqs 2 GSCs would require bam, a key factor necessary for CB differentiation. As shown in Figure 3C , the loqs bam double mutant phenocopied bam single mutant by producing germ cell tumors. Moreover, the loqs bam GSCs were retained, as shown by the retention of anterior-positioned germ cells with a round fusome and lacking expression of a P{bamP-GFP} reporter (arrowheads). Consistent with this, immunostaining showed that Bam expression was silenced in loqs 2 GSCs (data not shown). These results suggested that GSCs lacking Loqs precociously differentiated to CBs in a bam-dependent manner. (C) The pre-miRNA-processing assays were performed as described [15] in buffer or with 10 mg whole-fly extracts prepared from wild-type (WT) and homozygous loqs KO flies without (KO) or with the P{loqs-PA} or P{loqs-PB} transgene. (D) Northern blots for mir-277, mir-8, and bantam using total RNA isolated from whole flies of various genotypes as in (C). The size marker was shown on the left, whereas 2S RNA was probed as loading controls. Arrows and arrowheads corresponded to pre-miRNAs and mature miRNAs.
miRNAs Control GSC Self-RenewalBecause GSC self-renewal requires both intrinsic and extrinsic signaling mechanisms [10, 11] , it is important to determine if Loqs functions within stem cells or somatic niche cells to promote GSC self-renewal. To distinguish between these possibilities, we generated mosaic germlines by using FLP/FRT-mediated mitotic recombination [19] . GSC clones lacking Loqs could be readily identified by the lack of GFP expression in heterozygous loqs KO females (Experimental Procedures). This method allowed us to bypass the lethality of homozygous loqs KO animals and to investigate cell-specific requirements for Loqs in ovarian GSC maintenance.
We followed GFP-negative loqs 2 GSCs for three weeks after induction of mitotic clones to assess the rate of GSC loss ( Figure 4A ). The number of germaria retaining wild-type GSCs declined from 41% to 31% over 21 days in the control experiment ( Figure 4B ). This corresponded to a GSC half-life of 42 days, consistent with the GSC lifetime calculated in previous studies [6, 20] . In contrast, the number of germaria bearing loqs 2 GSC clones declined from 47% to 0 over 3 weeks ( Figure 4B ). This represented a half-life of only 6 days, which was similar to the half-life calculated for mutations in other genes essential for GSC maintenance, such as mad [6] . These results indicated that Loqs was required cell autonomously for GSC maintenance.
The germline mosaic analysis did not exclude an additional extrinsic requirement for Loqs in somatic niche cells. We addressed this question by using the Gal4-UAS system to drive cell lineage-specific expression of Loqs-PB in the germline cells (P{nos-Gal4:VP16}), terminal filament and cap cells (P{bab-Gal4}), or inner sheath cells (P{c587-Gal4}) [21] [22] [23] . At 13 days posteclosion, loqs mutant females had on average 0.5 GSC per germarium, whereas loqs mutant females with germline expression of Loqs-PB retained GSCs in numbers comparable to age-matched wild-type females ( Figure 4D ). In contrast, somatic expression of Loqs-PB could not maintain loqs mutant GSCs ( Figure 4D ). Also, examination of mosaic loqs mutant follicle cells did not reveal a role for Loqs function in follicle cell development (data not shown). Therefore, we concluded that Loqs-PB was required intrinsically, but not extrinsically, for selfrenewal of ovarian GSCs.
A previous study, however, showed that GSCs lacking Dcr-1 were not lost from the germarium but stalled at the G1/S boundary due to a failure to repress Dacapo, a cyclin-dependent kinase (Cdk) inhibitor [24] . Thus, it is possible that the miRNA pathway controls both cell cycle progression and self-renewal of ovarian GSCs. We suspect that the dcr-1 mutant phenotype represents a more severe impairment of GSC function than that seen in loqs 2 GSCs. For example, inactivation of Dcr-1 may disrupt all miRNA processing and cause GSCs to stall before reaching the point at which they could differentiate into CBs. By contrast, the lack of Loqs, a cofactor of Dcr-1, may only affect some miRNAs that specifically control GSC self-renewal. Alternatively, Dcr-1 may have Loqs-independent functions beyond miRNA biogenesis.
In summary, we have generated loqs KO flies by endsout homologous recombination. We demonstrated that Loqs-PB, but not Loqs-PA, is necessary and sufficient for Drosophila development and the miRNA pathway. Our data strongly suggested that Loqs-PB and, by extension, the miRNA pathway played an intrinsic (germline), but not extrinsic (somatic), role in self-renewal of Drosophila female GSCs. We propose that the miRNA pathway facilitates GSC self-renewal by blocking translation of transcripts that promote CB differentiation, similar to the proposed functions of nos and pum [10, 11] . The miRNA pathway may cooperate with the Nos/Pum complex to repress translation of the same transcripts or may independently target different sets of mRNAs in order to prevent precocious GSC differentiation. Accordingly, the paradigm of miRNA-mediated miRNAs Control GSC Self-Renewaltranslation regulation may be required for self-renewal of stem cells in higher eukaryotes, such as humans.
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